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A B S T R A C T

Cryptocurrency mining uses significant amounts of energy as part of the proof-of-work time-stamping scheme to
add new blocks to the chain. Expanding upon previously calculated energy use patterns for mining four pro-
minent cryptocurrencies (Bitcoin, Ethereum, Litecoin, and Monero), we estimate the per coin economic damages
of air pollution emissions and associated human mortality and climate impacts of mining these cryptocurrencies
in the US and China. Results indicate that in 2018, each $1 of Bitcoin value created was responsible for $0.49 in
health and climate damages in the US and $0.37 in China. The similar value in China relative to the US occurs
despite the extremely large disparity between the value of a statistical life estimate for the US relative to that of
China. Further, with each cryptocurrency, the rising electricity requirements to produce a single coin can lead to
an almost inevitable cliff of negative net social benefits, absent perpetual price increases. For example, in
December 2018, our results illustrate a case (for Bitcoin) where the health and climate change “cryptodamages”
roughly match each $1 of coin value created. We close with discussion of policy implications.

1. Introduction and background

As an anonymized and decentralized production process, digital
currencies using cryptographic blockchain verification for securing
transactions are seen as a transformative technology that circumvents
traditional banking and governmental regulatory mechanisms of more
centralized fiat currencies ([1]; and see review in [2]). For proponents,
cryptocurrencies generate important social benefits for securely trans-
ferring money and information, as well as serving as potential stores of
wealth. The libertarian, anti-establishment appeal is represented in the
independent production process (“mining”), which is independent of
any government, regulatory entity, or particular geographic locality.
Originally, all that was necessary to mine was access to electricity (the
cheaper the better), computer hardware (with some spare CPU cycles),
an internet/network connection (the faster the better), and a heavy
dose of entrepreneurial spirit [1]. But, for many prominent crypto-
currencies, opportunities for profitable mining currently appear to re-
quire highly dedicated or specialized hardware concentrated in large-
scale mining farms or pools [1,3,4,5,6].

Beginning with Bitcoin in 2009 (attributed to the elusive Nakamoto
[7]), there are now more than 2500 cryptocurrencies, which generally
share a reliance on the blockchain technology. In brief, blockchain is
commonly referred to as a decentralized, public ledger that uniquely
identifies all transactions using any particular cryptocurrency; the
blockchain contains the blocks of digital information that record bat-
ches of transactions (with dates, times, amounts, participants [with
unique digital signatures, rather than names or identifying information]
and a unique transaction identifier or hash),1 in a distributed peer-to-
peer network of computers. Independent individuals or groups of mi-
ners compete using brute force computing power to be the first to solve
complex algorithms and provide the hash identifier for a block, and if
successful, then are rewarded with units of the cryptocurrency. Data
from new, verified transactions are then added to the blockchain. While
alternatives exist, cryptocurrency applications using blockchain remain
dominated by the proof-of-work (POW) process used in the original
Bitcoin, where the probability of successful mining is increased by the
amount of computing work expended.

Thus, mining generates financial value, but consumes electricity in
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doing so. The complication is that the supply of any cryptocurrency
coin is typically finite and made available according to prescribed rules
that asymptotically approach some fixed amount at a specified point in
time. Specifically, as the supply of new coins slows, the implication of a
POW process is that the competing computing effort to mine coins must
necessarily increase, thus requiring ever increasing amounts of elec-
tricity. This process amounts to sequential rounds of a winner-take-all
tournament (akin theoretically to R&D tournaments [8]), where the
costs associated with winning each round progressively increase. Thus,
the “strange math” [6] of cryptocurrency provision based on a POW
process generates intense electricity resource use [5,8,9], potentially
creating negative—and growing—environmental and health costs that
may be high and are not borne by the miners [10]. Our focus here is on
beginning to monetize these electricity-related social costs.

As with any emergent technology, there needs to be careful con-
sideration of its environmental and health impacts on society. In the
emerging literature considering these impacts, Krause and Tolaymat [1]
push such assessments significantly forward by quantifying the energy
and carbon emissions for mining four prominent cryptocurrencies
(Bitcoin (BTC), Ethereum (ETH), Litecoin (LTE), and Monero (XMR), all
identified as using a POW process). They pursue the following ques-
tions: (i) do these cryptocurrencies require a similar energy supply to
function?; (ii) what conventional processes or services would “crypto-
mining” compare to (e.g., gold mining), in terms of energy invested and
value extracted?; and (iii) what carbon impacts might this energy
consumption generate? They find that cryptomining of BTC, ETH, LTC,
and XMR tends to consume more energy than traditional mineral
mining such as copper, gold, platinum metals, and rare earth metals
(with the exception of aluminum, which has high electricity con-
sumption) in producing an equivalent market value. Their results ad-
ditionally indicate that energy consumption requirements are generally
expected to increase, for reasons previously discussed, and that BTC
consumed more electricity than Ireland (26 TWh yr−1) or Hong Kong
(44 TWh yr−1) in 2017. Finally, for the 2.5-year period (January 1,
2016 to June 30, 2018), they estimate that the four prominent cryp-
tocurrencies were responsible for 3 – 15 million tonnes (t) of CO2

emissions. More recently, Stoll et al. [11], using IP-addresses to attempt
to locate mining, estimate substantially larger CO2 emissions associated
with BTC, in excess of 20 million t per year.

In this research, we extend the discussion in Krause and Tolaymat
[1] to ask the next logical question: “What are the economic damages
connected to air pollution, health and climate impacts of mining
cryptocurrencies?” Taking the Krause and Tolaymat [1] results for the
US and China, we use commonly available simulation models, ex-
posure-response functions, and available estimates of the social costs of
carbon, and value of statistical life (VSL) measures to monetize the
negative environmental externalities of air pollution and human health
damages. We focus on the health and climate damages associated with
mining four coins over the period 2016 – 2018; the same four coins
considered in Krause and Tolaymat [1]. These four coins—BTC, ETH,
LTC and XMR—accounted for 57.2 percent of the $369 billion in total
market capitalization for 1658 listed cryptocurrencies as of March 15,
2018; BTC alone accounted for 37.8% [12].2

The electricity consumption of mining cryptocurrencies is large and
growing rapidly. For example, in January of 2016, each BTC mined
required 1005 kWh of electricity; but by June 2018, each coin mined
required 60,461 kWh [1]. In 2016 there were ∼1 million BTC mined,
which consumed 2.5 billion kWh of electricity; in 2018 the total

number of coins mined dropped to 700,000, but electricity consump-
tion increased to 47.9 billion kWh. This usage creates negative social
externalities, most significantly by contributing to climate change and
impacting human health from the burning of fossil fuels. It was recently
argued that CO2 emissions from Bitcoin mining alone could push global
warming above the 2 °C threshold of concern [13]. Economists use a
battery of techniques to estimate the monetary damages connected to
these non-market negative externalities, which by definition are not
accounted for in the market production or consumption of a good or
service (see [14]). In this case, the health and climate impacts of
cryptocurrency mining, which we refer to here as “cryptodamages.”

Rather than attempt a global damage estimate from overall pro-
duction of cryptocurrencies under the broadest of assumptions for what
are extremely dynamic and volatile markets, we make an initial attempt
at a more refined approach, using four prominent POW-process based
coins and two countries. Specifically, given available information con-
straints, we examine these externalities on a per-coin generated basis,
where we have more detailed information about the spatial and tem-
poral characteristics of the required electricity generation. Spatially,
emission rates for CO2 and regional air pollutants from electricity
generation vary substantially, based on the fuels used and the genera-
tion methods. Human health effects from regional air pollutants also
have large spatial variability depending on the proximity of populations
to emission sources. Thus, to account for the spatial variability of coin
generation, we calculate externalities on a per-coin-basis for electricity
generation in the US and China, which are two dominant players in the
cryptocurrency network, and which have very different electricity
production and air pollution emission profiles.3

2. Methods

We start by collecting data on emission rates per kWh of electricity
generation by country (US and China) for four pollutants commonly
created by burning fossil fuels to produce energy: carbon dioxide (CO2),
fine particulate matter (PM2.5), nitrogen oxides (NOx) and sulfur di-
oxide (SO2) [16,17,18].4 Next, we combine these emission rates with
the kWh of electricity usage per coin created [1].5 Together, this pro-
vides the average emissions released (from all energy sources; fossil
fuels and renewables) to generate one coin. CO2 emissions are used to
calculate the climate damages per coin created. Exposure to pollution
associated with the other three pollutants (PM2.5, NOx and SO2) in-
creases the risk of premature mortality [20,21]. Hence, we use these
emissions to calculate the mortality impact of creating one coin in each
country, and the monetary damages of the premature deaths.6

Electricity requirements to produce one coin for each day are de-
rived from the network hashrate of the blockchain, a publicly available
figure [1,22]. The hashrate is a measuring unit, which identifies the
amount of power consumed by all the operations in a cryptocurrency

2 For perspective, as of approximately one year later (March 2, 2019), total
market capitalization had fallen to $130.7 billion, but the number of listed
cryptocurrencies has grown to 2526, with BTC, ETH, LTC and XMR accounting
for 65.8 percent of total market capitalization; BTC alone accounted for 50.4
percent (for current estimates see Investing.com at: https://www.investing.
com/crypto/currencies).

3 For context, as of June 2018, over 80% of Bitcoin mining was performed by
six mining pools, and five of those six pools are managed (but not necessarily
physically located) in China [15]. In the US, cryptocurrency mining is a sig-
nificant source of controversy, partially related to its offsetting effects on fossil
fuel use and associated climate change impacts (e.g., [6]).

4 There are several other fossil fuel power plant pollutants that are not con-
sidered here, but which may affect human health, including mercury, cadmium,
chromium, and nickel. Data limitations preclude their inclusion here. Thus, our
estimates are likely a lower bound on actual damages.

5 The data in Krause and Tolaymat [1] stop at June 30, 2018, so we collected
original data on electricity usage and coins generated to extend the dataset from
July 1, 2018 to December 31, 2018. These extended data are available from
https://bitinfocharts.com/ [19] for the network hashrate, block time, and coin
price.

6 There are other externalities associated with these emissions that are not
included in our damages estimates. For instance, SO2 emissions contributes to
acid rain and NOx emissions contribute to ground-level ozone.
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network to mine blocks and receive the currency reward. Stated simply,
“hashrates are the number of calculations (hash functions) performed
on the network in seconds” ([1], p. 711). Hashrates increase with the
intensity of the computational competition.

The great unanswered question faced when exploring cryptoda-
mages is that while we can identify select geographic hotspots of
production we currently do not know in the aggregate where the
electricity used in cryptocurrency mining is physically produced. This
is because we, like Krause and Tolaymat [1], do not know the phy-
sical locations of cryptocurrency miners, whether individuals, groups
or aggregates in, say, a region or country. There is considerable evi-
dence of concentration of mining operations in particular locations,
typically where reliable electricity is cheaply available, though, pre-
cise data are lacking (e.g., [6,15]). In the US, perhaps the most well-
known concentration is the Mid-Columbia Basin area in central and
eastern Washington State, where cheap electricity is produced by
hydropower along the Columbia River [4,6], however, mining in
other US locations also occurs (see [11] and news references in
[23,24], and [25]). There is also evidence of large mining camps in
China [15]. With time and emergent research (e.g., see [11]) there
may be improved information about the amounts of electricity de-
voted to mining cryptocurrencies for particular locations or regions,
but it is currently not available.

Therefore, we aim to characterize the externalities associated with
the production of a single coin in both the US and China, where
emissions rates per kWh will differ substantially given underlying dif-
ferences in how power is produced—i.e., China relies extensively on
coal power (> 60% of electricity generation) while the US is more
balanced (32% natural gas, 30% coal, 20% nuclear, etc.). Emission rates
of CO2 per kWh of electricity produced in 2016 were obtained7 [17,18]
and combined with electricity usage per coin to produce CO2 emissions
per coin created. Then, we convert CO2 emissions into estimated cli-
mate damages using the US Federal Government's social cost of carbon
(SCC) for 2020 emissions and assuming a 3% discount rate [26]. The
SCC is estimated at $51 t−1 in 2018 US Dollars.8

Estimating mortality impacts of emissions from cryptocurrency
generation is more complicated. The general steps to convert emis-
sions into mortality impacts, and ultimately into monetary damages
are as follows: (i) data from emission rates from electricity generation
are collected; (ii) human exposures to the pollutants are estimated;
(iii) exposure is converted into mortality impacts using exposure-re-
sponse functions, and; (iv) premature mortality is converted into
monetary damages using the value of a statistical life (VSL). For (i),
we collect data for the US [16,17] and China [18]. For the US, these
data are emissions of PM2.5, NOx, and SO2 and electricity generation
for every electricity generating unit (EGU) in the country. For China,
we collect aggregate data of emissions of these pollutants from the

electricity generation sector divided by the net electricity generation
[29]. For both countries, we did not want to exclude non-emitting
electricity generation, rather we want the emission profile of a unit of
electricity from all sources in each country. The choice of pollutant
species is based on their high rates of emissions from electricity
generation, and their known impact to premature mortality. Exposure
to PM2.5 is associated with an increased risk of adult-premature
mortality [20,21]. PM2.5 air pollution consists of primary PM2.5 and
secondary species: SO2 and NOx are PM2.5 precursor emissions that
form into secondary PM2.5 in the atmosphere. We estimate the mor-
tality impacts of SO2 and NOx from their contributions to PM2.5

concentrations.
Calculating human exposure to PM2.5 from electricity emissions

(step (ii) above) is complicated and the data are not readily available
for China. We do, however, have detailed estimates of these re-
lationships for US emissions. We use this US data to estimate the
relationship for China, which we explain in detail below. First, we
describe the relationship between electricity emissions and exposures
in the US. Transport of emissions of each pollutant from every EGU in
the contiguous US is modeled using the Intervention Model for Air
Pollution (InMAP) [30,31]. InMAP estimates the change in PM2.5

concentrations from a unit of emissions. Changes in PM2.5 con-
centrations are translated into changes in the risk of premature
mortality using a commonly adopted concentration-response function
[20]. Combining these results with emissions per unit of electricity
for the three pollutants, we estimate the mortality impact per kWh of
electricity generation at each EGU. The sum of the impact for the
three pollutants is the total mortality impact per kWh of electricity
generated at every EGU in the US. We then allocate the emission
profile of electricity at EGUs to locations (or grid cells in the model)
where people consume electricity.9 The emission profile in a grid cell
is based on a weighted average of all EGUs within 250 km of the cell
centroid, weighted by the inverse distance to the EGU and the
quantity of electricity generated (see Fig. 1). Combining the health
damages with climate damages per kWh, we estimate that one-third
of electricity in the US is produced with less than 1 cent kWh−1 of
damages, and one-tenth of electricity is produced with greater than
10 cents kWh−1 of damages.

We use the mortality impact per unit of emissions in the US to
estimate the mortality impacts in China. Crucially, the impact of
emissions is strongly related to the size of the population in the area
surrounding the emission source [32,33]. We relate the population
density in a 50 km radius around each emission source in the US with
the mortality impact of those emissions (see Fig. 2). We apply these
relationships to China based on its unique population density to es-
timate the average mortality impact per unit of emissions. While we
know the population density of both countries, this is not the ap-
propriate value to apply to the estimated functions. The population
density around EGU emission sources in the US is substantially
greater, on average, than the population density of the country as a
whole. For example, the population density around EGU SO2 emis-
sions is 88 persons km−2, compared with 37 persons km−2 for the
contiguous US. We use the ratio of each pollutant to population
density to the contiguous US population density to adjust the popu-
lation density of emission sources in China. The SO2 population
density ratio is 2.9, which when applied to China, with an overall
population density of 145 persons km−2, yields an estimated “SO2”
population density for China of 346 persons km−2. We apply this
population-density value to the mortality-impact relationship (best-
fit lines in Fig. 2). This process produces an estimate of the mortality
per tonne of emissions for each pollutant from electricity generation
in China. Our estimate of the ratio of mortality impacts per unit of

7 US electricity emissions are in CO2 equivalents (CO2e), which includes
methane and nitrous oxide. CO2 emissions constitute 99.4% of CO2e for US
electricity generation.

8 The social cost of carbon (SCC) is a present-valued dollar measure of the
long-term damages caused per t by carbon dioxide (CO2) emissions into the
atmosphere. A topic of considerable policy debate, SCC estimates are used by
the US EPA and other US government bodies in cost-benefit analyses of reg-
ulatory actions (e.g., for climate change impacts) [27]. For this analysis, we use
the most recent US Interagency Working Group (2016) SCC estimate produced
during the Obama Administration, and converted into 2018 values. The Inter-
agency Working Group also produced estimates using higher (5%) and lower
(2.5%) discount rates which substantially impact the magnitude of the SCC. It
should be noted that in 2017 the Trump Administration altered the metho-
dology used in calculating SCC to produce estimates in the $1 to $6 range t−1 of
CO2 emissions, which is drastically lower than estimates used here. However,
other sources have recently argued that SCC estimates should be significantly
higher than those used here (e.g., see [27]), due to significantly under-
estimating the effects on agriculture [28].

9 The InMAP model has variably-sized grid cells based on population density.
The grid cells range from 48 km2 in rural areas to 1 km2 in dense urban areas.
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PM2.5 from EGUs between China and the US (ratio: 1.8) is similar to
the ratio estimated by Apte et al. [32] (ratio: 2.1) for urban emissions.
We combine these results with the quantity of emissions per kWh of
electricity to get mortality impacts per unit of electricity.

Next, we convert mortality and climate impacts per unit of elec-
tricity into monetary damages. Emissions of CO2 are converted into
climate damages by multiplying emissions by the SCC ($51 t−1).
Mortality impacts in the US are converted into health damages by
multiplying estimated mortality by the EPA's recommended VSL [34]
(adjusting for inflation and average income to 2018, the VSL is $11.53
million). For mortality impacts in China, we calculate health damages
using a China-specific estimate of the VSL [35] (adjusting for inflation
to 2018 in US Dollars, the VSL is $1.12 million). With the use of dif-
ferent VSLs in each country, we are making no value judgement about
the relative worth of a human life between the US and China. Rather, to
produce a monetary estimate of the damages we use currently available
peer-reviewed studies of the observed and stated tradeoffs between

risks of mortality and compensation.10 Multiplying total climate and
health damages per kWh of electricity generation by the electricity
requirements to produce one cryptocurrency coin, produces an estimate
of the social damages or cryptodamages per coin generated.

Using these damage estimates, for the US, we calculate the net social
value of producing each cryptocurrency, for each day in our dataset
(January 1, 2016 to December 31, 2018), and for any location where

Climate damages Health damages

0 0.02 0.04 0.06 0.08 0.10

Damages ($/kWh)

Fig. 1. Climate and health damages per kWh of electricity used in each location. The emission profile of electricity use in each location is a weighted average of the
EGUs within 250 km, weighted by the inverse distance from the EGU and the quantity of electricity generated.

Fig. 2. Relationship between US SO2, NOx, and PM2.5 electricity emission mortality impacts t−1 and population density in 50 km radius around emission source.
Dashed lines are best-fit estimates of the data.

10 For a comprehensive review of the VSL literature, and the history of use in
regulatory arenas in the US and elsewhere, see Viscusi [36]. Viscusi [36] argues
that more widespread use of VSLs could create a safer and more equitable so-
ciety, while also recognizing that relative to the US other countries typically
undervalue the risks to lives, even after accounting for income differences.
Viscusi [37] recently argues that international estimates of the income elasti-
cities of VSLs could be used for improved calibration and transfer of US esti-
mates to other countries, after accounting for income differences. For example,
doing so for Australia would more than double the current best-practices VSL
estimate [37].
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electricity is consumed. We define the net social value as the private
benefits and costs of mining a cryptocurrency less the social damages of
consuming the electricity. Specifically, the net social value of mining
one coin is the price of the coin at time t, minus the cost of electricity in
location s at time t minus the health and climate externalities of elec-
tricity in location s at time t:

3. Results

With the above information, we calculate the daily mortality and
climate impacts and associated monetary damages of producing one
coin for each of the four cryptocurrencies (BTC, ETH, LTC, and XMR) in
the US and China (Table 1). Then, dividing by the market price of each
cryptocurrency, we calculate the human health, climate, and total da-

Table 1
Mortality impacts, climate damages, and health damages of coin mining created by country, year, and cryptocurrency.

Mortality per million coins Climate damages ($ per coin) Health damages ($ per coin) Damages (% of coin value) Global coins mined (millions)

USA China USA China USAa Chinab USA China

BTC 2016 4.6 9.6 74 86 53 11 21% 16% 1.0
2017 19 40 311 359 222 45 19% 14% 0.70
2018 115 239 1849 2135 1321 268 49% 37% 0.68

ETH 2016 0.03 0.06 0.49 0.57 0.35 0.07 9% 7% 10.8
2017 0.59 1.2 9.5 11 6.8 1.4 8% 6% 8.7
2018 2.5 5.2 40 46 29 5.8 21% 16% 6.6

LTC 2016 0.01 0.02 0.15 0.17 0.10 0.02 7% 5% 5.3
2017 0.08 0.16 1.22 1.4 0.87 0.18 5% 4% 5.4
2018 0.94 2.0 15.2 18 11 2.2 37% 28% 5.3

XMR 2016 0.02 0.05 0.35 0.41 0.25 0.05 27% 21% 3.1
2017 0.19 0.39 3.0 3.5 2.2 0.44 8% 6% 1.9
2018 1.0 2.1 17 19 12 2.4 22% 17% 1.1

Notes: BTC = Bitcoin, ETH = Ethereum, LTC = Litecoin, XMR = Monero. Mortality impacts associated with power plant emissions of PM2.5, SO2, and NOx due to
country and year-specific cryptocurrency mining activity. All damages are in 2018 US Dollars.

a Health damages in US calculated with $11.53 million VSL.
b Health damages in China calculated with $1.12 million VSL.

Fig. 3. Health and climate damages from producing one coin in the US as a percentage of the value of mining one coin from January 1, 2016 to December 31, 2018.
Notes: BTC = Bitcoin, ETH = Ethereum, LTC = Litecoin, XMR = Monero.

= ×Net social value coin price electricity price electricity per coin externality per coin( )s t t s t t s t, , , (1)
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mages per dollar value of a coin mined. Fig. 3 illustrates the changing
profile of total damages from cryptocurrency mining relative to the
price of a coin over time in the US. The volatility of this measure is
related to two factors: the price of coins and the electricity require-
ments to generate coins. At the beginning of our time frame, both price
and electricity requirements were low, with damages averaging 21% of
the value of a BTC in 2016. Then the price surged (topping out at
$19,345 for BTC on December 16, 2017), reducing the damages to
under 10% of the coin value. Since this date, the price of these four
prominent cryptocurrencies crashed but the electricity requirements
rapidly increased. As of December 31, 2018, the damages from a BTC
mined in the US were estimated to be 95% of the value of the coin [BTC
price on December 31, 2018: $3747; damages per coin mined: $3551
($1480 from mortality impacts, $2071 from climate impacts)].11 While
the damages as a share of coin value were highest for BTC in 2018,
producing one of the other three coins (ETH, LTC, XMR) created sub-
stantial damages, between 21 and 37% of the coin's value. For each
cryptocurrency, this damage ratio increased between 2017 and 2018.

Fig. 3 shows the damages of mining a coin in the US using the
average electricity mix; however, the price and damages from elec-
tricity generation will vary substantially by location and fuel source for

generation. Thus, Fig. 4 examines the net social value of mining a
cryptocurrency in any location in the US, accounting for the benefit and
cost of generating a coin and buying electricity for the miner, respec-
tively, and the externality costs of the electricity generation in that
location borne by society (see Eq. (1)). Fig. 4 focuses just on BTC, for
simplicity. It should be noted this is the maximum net social value, as we
are excluding all other potential costs of cryptocurrency mining (e.g.,
equipment, cooling, or opportunity costs). Fig. 4 shows the price and
electricity requirements of BTC across time, and net social value of
generating a coin spatially on four specific dates: (a) March 1, 2017,
when price and electricity consumption were low, and there were
modest net benefits across several regions of the US; (b) November 15,
2017, when price began to surge and electricity requirements remained
relatively low, leading to large net benefits to mining in almost any
region; (c) March 15, 2018, when the price started to drop and elec-
tricity consumption increased, where there existed a large spatial dis-
tribution of net benefits, with positive regions in the Northwest and
Southeast, and negative regions in the Midwest; and (d) July 1, 2018,
when the price dropped and electricity consumption increased further,
with substantial negative net benefits in almost all regions of the US.

Given the magnitude of the cryptodamages and the fact that cryp-
tocurrency miners do not bear the full cost of the negative environ-
mental externalities from their activities (just the price of electricity)
they do not receive the correct market signals regarding when and

Fig. 4. Net social value of producing one Bitcoin (BTC) across time (between January 1, 2017 and December 31, 2018) and space. Panels a-d show the net value of
using electricity in any location (grid cell) in the US to produce one BTC for the following dates, respectively: (a) March 1, 2017, (b) November 15, 2017, (c) March
15, 2018, and (d) July 1, 2018.

11 During December 2018, there were several days when the damages ex-
ceeded the value of the coins generated, as seen in Figure 3.
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where mining can be pursued at the minimum cost to society.
Presumably, miners seek locations with the lowest cost electricity. We
estimate that the correlation between electricity price and damages per
kWh of electricity generated (weighted by net generation) is 0.18,
suggesting that the lowest priced electricity locations will generate
slightly higher than average damages. If miners are more likely to lo-
cate in above-average damage per kWh locations, then our estimates
using the average electricity mix (in Fig. 3) will be slight under-
estimates of the cryptodamages.

Available evidence indicates that a substantial share of crypto-
currency mining occurs in China [15]. We estimate that the damages of
mining coins in China will be, on average, slightly smaller than in the
US. Table 1 shows that for 2018, damages from a BTC coin generated in
the US were 49% of the coin value, and the damages from a coin
generated in China were 37% of the coin value. Emission rates (CO2

kWh−1 15% and SO2 kWh−1 16% higher) and mortality t−1 of emis-
sions (SO2 mortality t−1 39% higher) are higher in China compared
with the US, however, the VSL that we use in our analysis is estimated
to be 90% lower. Combining these factors, the climate impacts from
China cryptocurrency mining constitute a larger share of total damages
(89% from climate, 11% from human health effects), compared with US
damages where approximately 60% of damages are from climate im-
pacts. It is important to note that this difference between China and the
US is driven, in large part, by the difference in the magnitude of the VSL
for each country.12

Despite the relatively similar estimate of total monetary damages
per coin produced in the two countries, the mortality impacts of cryp-
tocurrency mining are twice as high in China compared with the US. In
China, for every 50,000 BTC mined (a quantity that was produced
globally approximately every month in 2018) there are 12 additional
deaths from exposure to particulate matter air pollution.
Hypothetically, if the entire global production of the four coins we
examined were produced in China in 2018, there would be ∼210
deaths; whereas if all the coins were mined in the US, there would be
∼100 deaths.

4. Discussion and conclusions

Given various uncertainties and weaknesses in traditional financial
institutions, Nakamoto's [7] introduction of Bitcoin argued that: “What is
needed is an electronic payment system based on cryptographic proof in-
stead of trust, allowing any two willing parties to transact directly with
each other without the need for a trusted third party.” While there may be
important social benefits connected to cryptocurrencies (an issue that we
have not attempted to fully evaluate here), the focus of this analysis has
been on investigating the social damages they create vis-à-vis energy use
and associated air pollution emissions. For the US and China, our main
finding is that in 2018, each $1 of Bitcoin value created was responsible for
$0.49 in health and climate damages in the US and $0.37 in China. Put
differently, the human health and climate damages caused by Bitcoin re-
presented almost half of the financial value of each US dollar of Bitcoin
created (as represented by market prices). Further, the slightly smaller
value in China relative to the US (for each $1 of Bitcoin created) occurs
primarily due to the extremely large disparity between the VSL estimate for
the US ($11.53 million) relative to that of China ($1.12 million), a more
than 10-to-1 ratio.

If the energy demand timelines for producing Ethereum, Litecoin,
and Monero follow Bitcoin, then we might anticipate similar per dollar
health and climate damages in the near future. It is also clearly possible
in the prescribed supply rules for a cryptocurrency that the

cryptodamages—the human health and climate impacts—will eventually
exceed each $1 value created. The above estimates ($0.49 in the US and
$0.37 in China) are averaged over the year (2018); but, notably aver-
aged across December 2018 we observed each $1 of BTC value created,
generated $0.95 of cryptodamages in the US. For any cryptocurrency
tied to the POW process (or something similar), the rising electricity
requirements to produce a single coin leads to a situation where the
price must continue rising, faster than the social costs, to maintain
positive net benefits for society. Without perpetual price increases, coin
mining may follow an almost inevitable cliff of negative net social
benefits as the energy use required for mining increases by greater and
greater amounts due to the POW process.

In exploring the social cost side of cryptocurrency mining, our analysis
is restricted in some ways. For example, there may be significant negative
community effects connected to mining boomtowns (e.g., see [4]) that are
not accounted for here. Our analysis is limited to health and climate im-
pacts connected to two countries, and four prominent cryptocurrencies, so
in that way it may be a significant underestimate of the emergent under-
standing of cryptocurrency externalities. Related, our results are likely a
lower-bound on actual health damages since other power plant pollutants
such as mercury and cadmium (produced by coal-fired power plants), are
not included in this analysis due to data limitations. Further, it should be
clear that this initial, exploratory investigation of damages is: (i) restricted
to a per coin basis (we make no inference about total or aggregate da-
mages); and (ii) we do not know where coins are mined (but this might
change in the future). Rather we provide an estimate of the damages if a
coin were mined using the average emissions profile of electricity in the US
and China. If “flocks” of independent crypto-miners are endogenously
sorting into locations with cheap electricity, then our estimates here could
be an over- or under-estimate of the social damages. As noted earlier, an
example of such sorting can be seen in the Mid-Columbia Basin area of
Washington State in the US, with cheap and renewable hydroelectricity
[4,6]. Alternatively, many locations with cheap electricity have relatively
large externalities (e.g., if they are based on coal-fired electricity).

There are several important avenues for future research: (i) theoretical
modeling of mining sorting behavior; (ii) documentation and empirical
estimates for geographical mining hotspots, and the spatial variability of
localized pollution emissions, and impacted populations; (iii) improved
understanding of the how the positive/negative net social benefits are ex-
pected to vary temporally over the life of a cryptocurrency; (iv) explora-
tions of improved methods for accurately assessing cryptodamages, and
decentralized production process in cryptocurrencies, given complicated
international policy debates about the heterogeneous VSL estimates across
countries (see [36,37]); and (v) theoretical and empirical evaluations of
alternatives to the POW computational competition currently pre-
dominately used in the blockchain technology, which might be sig-
nificantly less electricity intensive, and more capable of sustaining the net
social benefits of a cryptocurrency. Narayanan et al. [38] and Vranken [39]
provide excellent reviews of the properties of the many alternative mining
puzzles and blockchain design alternatives, including expected energy use
(see discussions of proof-of-space [5] and proof-of-stake [40], as just sev-
eral of the various alternatives).

Understanding the negative environmental externalities associated with
cryptocurrency mining is emerging but remains under-investigated [39,41]
and we hope that this initial investigation into monetizing their impacts
spurs additional research. We close by sharing our brief thoughts on policy
implications of recognizing cryptodamages.

It is perhaps useful to think about the theoretical “last Bitcoin
produced,” or any similarly supplied POW-based cryptocurrency de-
sign. As noted in Truby [10], as the world confronts global climate
change, the POW process requires ever greater computational power
and energy consumption, “with no consideration of its environmental
impact.” Given finite supply rules, there will likely be a point before the
last possible coin (or whatever the currency reward unit) is supplied

12 Table 1 shows that health damages per coin in China are one-fifth as large
as in the US. If, however, we used the same VSL in both countries, the health
damages in China would be twice as large as in the US (results available upon
request).
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where it is no longer privately profitable to mine (as marginal private
costs exceed marginal private benefits) [5]. We argue here that the
social paradox of the last Bitcoin is that in the presence of significant
cryptodamages the socially efficient end of production may be much
earlier (where marginal social costs exceed the marginal social bene-
fits). Thus, it is in the global public interest to prevent this socially
inefficient production and collectively move us away from blockchain
design alternatives (i.e., POW) that are highly energy intensive.

Truby [10] provides a thorough and insightful review of the various
alternative approaches, and complex regulatory and fiscal challenges
for “decarbonizing” cryptocurrencies. Similar to the difficulties of ad-
dressing non-point source pollution problems,13 cryptomining poses
significant implementation challenges for designing a regulatory fra-
mework. As an alternative to restricting or prohibiting a production
activity, economists often advocate for pollution taxes as one possible
instrument to “internalize” otherwise unpriced and unaccounted-for
negative externalities. Theoretically, such taxes could be levied in
various ways (e.g., on the sale of prominently-specialized mining
hardware [3], the energy use itself in known concentrated mining lo-
cales, or by somehow identifying mining profits) and via different levels
of government, and there is perhaps no single preferred option [10].
Monetary estimates of the environmental damages of mining can help
in calibrating appropriate tax rates.

However, the ability to locate, and re-locate, cryptomining almost
anywhere (e.g., following the cheapest, under-regulated electricity source)
and fund mining camps from anywhere with complete or near anonymity
create significant challenges to implementing effective regulation. The
anonymous production process and footloose nature of the industry is
likely to ultimately require international cooperation in regulating the
decarbonization of cryptocurrencies. Our concern is that delays in over-
coming such regulatory barriers risk further locking in path dependence
(see [42]) for the POW-based blockchain technology, which will be at odds
with the urgent need for climate change mitigation [10].14

As an alternative to intervening in emergent cryptocurrency mar-
kets through prices (e.g., taxation) or outright restricting their devel-
opment, there may be a role for government investment into R&D that
focuses on designing mining puzzles that greatly reduce energy con-
sumption (and thus production costs) while still allowing for secure
validation of anonymous transactions. Fully vetting and encouraging
such currency alternatives might retain the libertarian social benefits of
the blockchain [10] while making “the last Bitcoin” irrelevant. Al-
though there will still be private benefits captured from mining under
possible low-energy design alternatives, as illustrated here there would
be significant public good benefits (reduced cryptodamages) to justify
such government investments into R&D. Importantly, such investments
in R&D are not mutually exclusive with taxing to internalize crypto-
damages, and may also come with the potential to generate spin-off
benefits from blockchain technology more generally.
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